-ATPase, which was used as a template molecule. We also discuss in this review, the regulation of cell surface expression and synthesis control of the gastric proton pump.
REACTION MECHANISMS OF THE GASTRIC H
The gastric proton pump, H ϩ ,K ϩ -ATPase is responsible for gastric acid secretion 1) and is almost exclusively found in the parietal (acid-secreting) cells of the stomach, although a small amount is expressed on the luminal side of the renal collecting duct, which is responsible for K ϩ -reabsorption as well as acid secretion. The H ϩ ,K ϩ -ATPase actively transports protons and K ϩ ions in opposite directions in a non-electorogenic manner, coupled with the hydrolysis of ATP. 2) Under in vitro conditions, such as the use of gastric microsomal vesicles which have an inside-out orientation, two protons are pumped in and two K ϩ ions are pumped out upon hydrolysis of one molecule of ATP.
3) Under physiological conditions this pump generates and maintains a proton gradient in excess of a million-fold across the luminal membrane which, from the viewpoint of generation of ion gradients, makes it one of the most powerful pumps known to operate in higher organisms. The gastric H ϩ ,K ϩ -ATPase is also a member of the P-type ATPases, which includes the SR and plasma membrane Ca 2ϩ -ATPases and the Na ϩ ,K ϩ -ATPase in addition to the heavy metal (copper, cadmium) transporting ATPases and aminophospholipid transporting ATPases (such as ATPase II). These enzymes have similar catalytic cycles that involve phosphorylated intermediates (EPs) and are inhibited by orthovanadate. 4) The reaction scheme originally proposed for the Na ϩ ,K ϩ -ATPase is also generally applicable to the gastric H ϩ ,K ϩ -ATPase except for differences in transporting ions and stoichiometry ( Fig. 1) . 5, 6) For the gastric H ϩ ,K ϩ -ATPase, two protons (or H 3 O ϩ ) and ATP bind to the enzyme (E 1 ) from the cytoplasmic side, which is then phosphorylated from ATP in a proton-dependent manner to form a phosphoenzyme, E 1 PH ϩ . Under these conditions, the enzyme adopts a conformation in which its ion-binding site(s) face the cytoplasmic side of the membrane. The conformations in which the ion binding site faces the cytoplasmic side of the membrane are designated as the E 1 forms (E 1 and phosphorylated E 1 P). Subsequently, a conformational change of the EP, from E 1 PH ϩ to E 2 PH ϩ occurs, resulting in exposure of the protonbinding site to the extracellular surface. The conformations in which the ion binding site faces the extracellular side of the membrane are designated as the E 2 forms (E 2 and phosphorylated E 2 P). The two protons are librated into the extracellular space and two K ϩ ions then bind to the enzyme. The resulting phosphorylated intermediate (E 2 P) is dephosphorylated in the presence of luminal K ϩ to form the E 2 K ϩ , and another conformational change, from E 2 K ϩ to E 1 K ϩ , in the presence of ATP causes the exposure of the K ϩ -binding site to the cytoplasm. The enzyme then releases two K ϩ ions into the cytoplasmic space resulting in a conformational change to the original E 1 (or E 1 ATP) form which can subsequently bind additional protons. In this reaction cycle, the enzyme transports two protons and two K ϩ ions in opposite directions which is coupled to the hydrolysis of one molecule of ATP.
STRUCTURE OF THE GASTRIC H
The gastric H ϩ ,K ϩ -ATPase consists of catalytic a-and non-catalytic b-subunits. The a-subunit, with a molecular mass of 114 kDa, contains ten transmembrane segments, with its amino-and carboxy-termini being located in the cytoplasm.
7) The a-subunit also contains the ATP-binding site, cation binding site and binding sites of proton pump inhibitors. In contrast, the b-subunit, with a molecular mass of 33 kDa (as a protein core), contains a single transmembrane segment, with its amino-terminus being located in the cytoplasm and its carboxy-terminus located in the extracellular space.
8) The b-subunit also contains six to seven carbohydrate chains and three disulfide bonds in its ectodomain. The molecular mass of mature glycosylated b-subunit can reach from 60 to 90 kD. 9) Although there is no functional site on the b-subunit, this subunit is essential for the functional expression of the gastric H ϩ ,K ϩ -ATPase, and appears to be involved in the cell surface delivery and stabilization of the ab holoenzyme. In addition, the gastric H ϩ ,K ϩ -ATPase seems to function as either an (ab) 2 or in higher order structures 10) which is common also for the Na -ATPase contains a third polypeptide, the g-subunit, that is assembled with the ab complex 11) and contains a single transmembrane segment. This subunit is not essential for, but modulates the functions of Na 
INTRACELLULAR TRAFFICKING OF GASRIC H
In resting conditions, parietal cells contain specific vesicular structures, termed tubulovesicles, in the cytoplasmic compartment with a small number of microvilli at the apical plasma membrane. A major portion of the gastric H ϩ ,K ϩ -ATPase is located on these tubulovesicles. Physiological stimulation, such as histamine treatment of parietal cells, leads to a large expansion of apical plasma membrane, with the increased membrane surface coming from the cytoplasmic tubulovesicles.
13) During this process, gastric H ϩ ,K ϩ -ATPases on the tubulovesicles are incorporated into the apical plasma membrane. 14) Following the removal of stimulation, the H ϩ ,K ϩ -ATPases are sequestered back into the cytoplasmic tubulovesicles and the parietal cells return to a resting state. Under physiological conditions, gastric acid secretion is regulated by the membrane trafficking of the H ϩ ,K ϩ -ATPase as well as by the K ϩ and Cl Ϫ conductance channels on the apical membrane.
INHIBITORS OF GASTRIC H
Gastric acid is one of the major risk factors for gastrointestinal diseases, and specific inhibitors for gastric H ϩ ,K ϩ -ATPase are currently used for clinical treatments and control of hyperacidity. These inhibitors are classified into two groups (Fig. 2) , the first consisting of irreversible inhibitors such as omeprazole, 15, 16) rabeprazole, 17) lansoprazole 18) and pantoprazole, 19) which are termed proton pump inhibitors (PPIs). They are weak bases which accumulate in the acidic gastric lumen and form cationic tetracyclic sulfenamides upon activation. The sulfenamides modify cysteine residues located on the luminal surface of the H ϩ ,K ϩ -ATPase a-subunit and inhibit its activity, 20) and the rate of formation of the sulfenamide compounds determines the rate of enzyme inactivation.
17 7) and 1990, 8) respectively. To study the roles of specific domains and amino acid residues in reaction mechanisms or in the cellular regulation of enzymes using mutational analysis, construction of good functional cDNA expression systems is an absolute requirement. This however proved to be technically difficult in the case of H ϩ ,K ϩ -ATPase. Klaassen et al. 25) expressed gastric H ϩ ,K ϩ -ATPase in insect Sf9 cells using Baculovirus. Although the expression levels were very high in this system, the levels of active enzyme were in fact very low. In addition, the catalytic a-subunit was primarily expressed in the intracellular membrane fractions, with little or no cell surface expression. Mathews et al. 26) expressed gastric H ϩ ,K ϩ -ATPase in Xenopus oocytes, by injecting cRNAs encoding the a-and b-subunits, resulting in uptake of 86 Rb and secretion of protons which lead to intracellular alkalization and acidification of the bathing media.
We constructed a transient functional expression system for gastric H ϩ ,K ϩ -ATPase in the human embryonic kidney cell line, HEK-293. 27 ) cDNAs encoding the a-and b-subunits were each cloned in the mammalian expression vector pcDNA3, and HEK-293 cells were co-transfected with these cDNAs by the calcium phosphate precipitation method. Gastric H ϩ ,K ϩ -ATPase a-and b-subunits were observed in crude membrane fractions by Western blotting, where K ϩ -stimulated ATPase (K ϩ -ATPase) activity was also found and was inhibited by a specific inhibitor, SCH 28080, in a concentration-dependent manner. However, in this expression system, a major portion of the a-and b-subunits were expressed in the intracellular compartments and it was difficult to quantitatively measure transport activities.
Lambrecht et al. 28) also constructed stable cell lines expressing gastric H ϩ ,K ϩ -ATPase using HEK-293 cells. In these stable cell lines, the a-subunit was mainly expressed at the cell surface, and ammonium-stimulated ATPase activity was observed in the membrane fraction (ammonium ions also stimulate H ϩ ,K ϩ -ATPase activity). However, there are no reports describing transport activities in this cell line. We also constructed stable cell lines expressing the gastric H ϩ ,K ϩ -ATPase. 29) cDNAs encoding the a-and b-subunits were cloned into the mammalian expression vectors, pcDNA3.1Zeo(ϩ) and pcDNA3.1(ϩ), respectively, and the stable cell lines expressing these subunits were constructed in two steps. In the first step, HEK-293 cells were transfected with the b-subunit construct (pcDNA3.1(ϩ)-HK-b-subunit cDNA), selected in the presence of Geneticin (G418 sulfate), and cloned by limiting dilution. Cells expressing the b-subunit (b-expressing cells) were screened by immunofluorescense and Western blotting. In the second step, b-expressing cells were transfected with the a-subunit construct (pcDNA3.1Zeo(ϩ)-HK-a-subunit cDNA), selected in the presence of Geneticin plus Zeocin, and also cloned by limiting dilution. Cells expressing the a-and b-subunits (aϩb-expressing cells) were also then screened by immunofluorescense and Western blotting. We also constructed cells expressing the a-subunit alone (a-expressing cells) in the same manner.
In a-expressing cells, expression of the a-subunit was very low and was restricted to the intracellular compartment with no cell surface expression being detected. In contrast, in aϩb-expressing cells, a-subunit expression levels were significantly increased, and cell surface expression of the a-subunit was observed in the presence of the b-subunit. In addition, the a-and b-subunits were partly localized in the transGolgi network and recycling endosomes in aϩb-expressing cells, suggesting that the H ϩ ,K ϩ -ATPase is recycled in this stable lines. 30) In pulse-chase labeling experiments, expression of the a-subunit in a-expressing cells during a 1 h pulse period was higher than that found in aϩb-expressing cells, but subsequent degradation of the a-subunit was more rapid in a-expressing cells than in aϩb-expressing cells. In contrast, however, there is no clear difference between the expression levels of the b-subunit in b-expressing cells and aϩb-expressing cells. The carbohydrate chains of the b-subunit were converted from the high mannose-type to the complex type in the absence or presence of the a-subunit, and cell surface expression of the b-subunit was observed even in the absence of the a-subunit.
In aϩb-expressing cells, the a-and b-subunits are expressed in the membrane fraction where K ϩ -ATPase activity was also found and inhibited by SCH 28080 in a concentration-dependent manner. The aϩb-expressing cells showed inward Rb ϩ transport across the plasma membrane which was stimulated by Rb ϩ , and also inhibited by SCH 28080. When intracellular pH (pH i ) levels were monitored by measurement of fluorescence using a pH-sensitive dye, BCECF, there was no significant difference in the pH i between the mock and the aϩb-expressing cells. This is likely to be due to the activity of other pH-regulating mechanisms that are dominant over H ϩ ,K ϩ -ATPase in the maintenance of a steady-state pH i . 30) However, a rapid pH i recovery after acid loading via an ammonium pulse was observed only in aϩb-expressing cells, suggesting that this cell line outwardly transports protons. This rapid pH i recovery was not observed in the presence of SCH 28080. Therefore, this cell line faithfully drives Rb ϩ and proton transport across the plasma membrane, and is thus the first reported stable expression system that retains both K ϩ -ATPase and transport activities. We studied the structure-function relationships of gastric H ϩ ,K ϩ -ATPase by using these functional expression systems in combination with site-directed mutagenesis and the construction of chimeras. Figure 3 depicts a schematic model of the a-subunit, and highlights the amino acid residues that we have focused on in the present review. The amino acid positions given are based upon the rabbit enzyme, starting from the initiating methionine at position 1. (Note: The amino acid positions in rabbit enzyme differ from those in pig and rat by 1 or 2 residues.) 33) and the site labeled with pyridoxal 5Ј-phosphate (Lys 498 ). 34) Asp 387 is the acyl-phosphorylaion site, which is located in the P domain, and is phosphorylated from g-phosphate of ATP during the catalytic reaction cycle. This residue is also well conserved between the different P-type ATPases. 32) Substitution of Asp 387 with either alanine, asparagines or glutamic acid resulted in a non-functional H ϩ ,K ϩ -ATPase as these mutants cannot be phosphorylated from ATP. 27) This indicates that this site is critical for H ϩ ,K ϩ -ATPase activity, and this is further supported by the finding that a glutamic acid mutant, D387E, had no ATPase activity or ATP-dependent phosphorylation capacity, which also suggests that the correct size of the side chain at this position is also essential for the acyl-phosphorylation reaction.
Lys 519 is the binding site of FITC, and is also located within the N domain. 33) FITC covalently attaches to this lysine residue and inhibits the H ions. 31, 36) The corresponding glutamic acid residue in the Na
) is involved in the interaction with Na ϩ and K ϩ . 37) In gastric H ϩ ,K ϩ -ATPase, substitution of Glu 345 with either alanine, aspartic acid, isoleucine, leucine, lysine or valine resulted in an inactive enzyme. Only the glutamine mutant, E345Q partially retained H ϩ ,K ϩ -ATPase activity. Each of other non-functional mutants (E345A, E345D, E345I, E345L and E345V) with the exception of E345K, was phosphorylated form ATP, but the resulting phosphorylated enzymes were not dephosphorylated in the presence of 50 mM K ϩ . Therefore, these mutants are defective in the K ϩ -dependent dephosphorylation step (E 2 P→E 2 K ϩ ). The E345Q mutant showed ten-times lower affinity for K ϩ compared to the wild-type enzyme in the K ϩ -dependent dephosphorylation reaction as well as in overall ATP hydrolysis, suggesting that the carboxylic side chain of this residue is involved in the interaction with K ϩ . 27, 38) The E345Q mutant also showed 3-times higher affinity for ATP in the K ϩ -ATPase reaction and, in addition, this mutation shifted the pH-dependence curve in the alkaline direction, suggesting that this mutant has a higher affinity for protons.
38) The E345Q mutation may therefore shift the conformational equilibrium of the gastric H -binding sites and is directly involved in chelating of Ca 2ϩ ions 31, 36) whereas the corresponding glutamic acid residue in the Na
) is involved in the interaction with K ϩ 39,40) with the glutamine and alanine mutants showing a lower affinity for K ϩ compared to the wild-type enzyme. In gastric H
797 is involved in the interaction with K ϩ in both K ϩ -ATPase activity and K ϩ -dependent dephosphorylation, and the corresponding alanine, aspartic acid and asparagine mutants (E797A, E797D and E797N) show both very low K ϩ -ATPase activity and a lower affinity for K ϩ than wildtype enzyme. In the E797L mutant, the ATP hydrolysis reaction was not stimulated by K ϩ , but became constitutively active even in the absence of K ϩ , and this mutant displayed enhanced spontaneous dephosphorylation in the absence of K ϩ . 41) These results suggest that the negative charge of this residue is important for the interaction with K ϩ . A similar phenomenon has been reported for the Glu 822 mutant in the M6 segment which is discussed in a later section of this review.
Lys 793 is the only positively-charged amino acid found in the transmembrane segments and seems to be involved in the interaction with cations. This lysine residue is again well conserved between gastric and non-gastric H ϩ ,K ϩ -ATPases, which show non-electrogenic transport properties. These ATPases actively transport two protons (or Na ϩ ions) and two K ϩ ions in reverse directions. In contrast, the corresponding amino acid in the electrogenic Na ϩ ,K ϩ -ATPase, which transports three Na ϩ ions and two K ϩ ions also in reverse directions, is a serine residue (Fig. 4) . Burnay et al. 42) reported that the lysine residue in the M5 segment of non-gastric H -ATPase, K793A and K793S mutants showed very low ammonium-stimulated ATPase activity, 43) but there have been no reports concerning the electrogenicity of these mutants.
In the M6 segment, there are two negatively-charged amino acid residues, Glu 822 and Asp
826
. Glu 822 is not conserved in either the SR Ca -ATPase activity. Additionally, the E822A mutant showed 23-and 400-times lower affinity than the wild-type enzyme for K ϩ during the K ϩ -dependent dephosphorylation and overall ATP hydrolysis, respectively, suggesting that this residue is essential for interaction with K ϩ ions. 44, 45) Swarts et al. 46) previously reported that neutralization of the Glu 822 negative charge caused constitutive activation of ATP hydrolysis in the absence of K ϩ . Based upon this finding, they proposed that the negative charge of this residue inhibits the dephosphorylation reaction, and, conversely, that K ϩ in fact stimulates this reaction by neutralizing the inhibitory effect of negative charges in the membrane.
Asp 826 is well conserved in the SR Ca 2ϩ -ATPase and the Na ϩ ,K ϩ -ATPase (Fig. 4) . Substitution of Asp-826 with either alanine, asparagine or glutamic acid again caused loss of enzyme activity via the inhibition of phosphorylation from ATP. 45) In addition to these acidic amino acid residues, Glu , seem to be directly or indirectly involved in cation interactions. 45) The L819A mutant showed no K ϩ -ATPase activity but could undergo ATP-dependent phosphorylation whereby the phosphorylated intermediate could not be dephosphorylated even in the presence of high concentrations of K ϩ (100 mM). In addition, the K ϩ -affinity of this mutant in the K ϩ -dependent dephosphorylation step was more than 1000-times lower than that of the wild-type enzyme. This K ϩ -affinity is in fact dependent on the bulkiness or length of the side chain of the residue at position 819. In fact, L819V and L819M mutants partially retained both K Unassembled (excess) a-subunits are retained in the ER and modified by polyubiquitination followed by cytoplasmic proteasome-mediated degradation. Both assembled and unassembled b-subunits can translocate from the ER to the cell surface where bsubunits seem to interact with clathrin adaptor proteins and become internalized.
tially retained K ϩ -ATPase activity and ATP-dependent phosphorylation capacity, but L833G mutant demonstrated neither K ϩ -ATPase activity nor phosphorylation capacity. Therefore, it can be concluded that the side chains of these residues are involved in ATP-dependent phosphorylation reaction, coupled to proton interactions. -ATPase using X-ray crystallography analysis at 2.6 and 3.1 Å resolutions, respectively. 31, 47) These findings have had a high impact to the study of structure-function relationships of both Ca -ATPase is composed of three separate domains, designated the actuator (A), nucleotide-binding (N), and phosphorylation (P) domains. The phosphorylation site is located in the P domain whereas the nucleotide adenosine moiety is bound to the N domain. These domains undergo drastic rearrangements during the conformational change from the E 1 to E 2 forms of the enzyme. The A, P and N domains are well separated in the E 1 form but adopt a compact headpiece conformation in the E 2 form as a result of their rotation and inclination. This conformational change seems to be essential for phosphate transfer from ATP to the enzyme.
The Ca 2ϩ -ATPase crystal structures also indicated that the enzyme contains ten transmembrane segments, as previously predicted from topology studies with site-specific antibodies and membrane-impermeable labeling reagents. Among these transmembrane segments, the M5 segment is at the center of the molecule, and extends from the cytoplasmic center of the P domain to the luminal surface of the membrane. During the conformational change from the E 1 to E 2 forms of the ATPase, the movements in the cytoplasmic domains are associated with the movements of the transmembrane segments (M1 to M6). The top part of M5 moves in tandem with the cytoplasmic P domain, inclination of which is directly related to tilting of the transmembrane segments. M1 and M2 move upward, whereas M3 and M4 shift downwards to a distance of about 5 Å. Additionally, the M1 segment shows a large lateral movement within the membrane, and is largely bent in the middle.
There have been no previous reports of 3-D structures of the gastric H -ATPase, and has three distinct A, P and N domains also. As already discussed, many of the amino acid residues constituting the Ca Homology modeling is based on the structural and functional similarities between two proteins. However, the structural and functional differences between the SR Ca -ATPase contains a shorter amino-terminal domain consisting of about 50 residues. The heavy metal transporting ATPases contain unique cysteine-rich segments in their amino-terminal domains, which seem to be involved in interactions with heavy metal ions. 4) Therefore, the amino-terminal domain has been regarded as the putative site for determining the cation specificity of ATPases when the sequences of different P-type ATPases were compared. 7) The gastric H ϩ ,K ϩ -ATPase a-subunit contains a "lysine-glycine cluster," in which a cluster of glycine residues (GXGGG) is inserted into a lysine-rich sequence (K 28 KKKAGGGGGKR-K 40 ). It was hypothesized that this region in fact determines proton specificity. 48) We therefore introduced mutations into this sequence to study its functional role, and found that neither substitution of each of the lysine residues with alanine nor deletion of the entire cluster affected H ϩ ,K ϩ -ATPase activity. Additionally, the K ϩ -affinity and the pH profiles of the mutants were almost identical with those of the wild-type enzyme. These results indicate that the lysine/glycine cluster is not directly involved in the H ϩ ,K ϩ -ATPase activity nor in determining its affinity for cations. 49) Residues Tyr 7 and Tyr 10 in the H ϩ ,K ϩ -ATPase a-subunit have been shown to be phosphorylated by tyrosine kinases in gastric microsomal fractions, 50) and Ser 27 was shown to be phosphorylated by protein kinases A and C. 51) Because protein kinases are involved in gastric acid secretion at the cellu-lar level, it was anticipated that the H ϩ ,K ϩ -ATPase activity would be stimulated by phosphorylation of these residues. However, no significant changes were observed in the kinetic parameters of H 56) These chimeric a-subunits were co-expressed with the wild-type b-subunit in HEK-293 cells, and then we determined the sensitivity of these chimeric ATPases to SCH 28080. These chimeric ATPase molecules showed slightly lower sensitivities (less than 2.5-fold) to SCH 28080, but were still inhibited by SCH 28080, indicating that loop 1 is not essential for the binding to this inhibitor. There have been several previously described mutants that displayed lower sensitivities to SCH 28080 including M336I and V339I mutants (mutants in Met 336 and Val 339 in the M4 segment), 57) K793S and E797D mutants (mutants in Lys 793 and Glu 797 in the M5 segment), 43) and C815T mutant (mutant in Cys 815 either in or close to the M6 segment). 28) However, these mutants showed a less than 10-fold lower affinity for SCH 28080, and until recently there had been no reports on the amino acid residues that are critical for the interaction with this inhibitor. Recently, Vagin et al. 58) reported that the Leu 811 residue that was either in or close to the third extracellular loop between the M5 and M6 segments is important for the interaction with SCH 28080. When this amino acid residue was replaced by phenylalanine (L811F), the sensitivity of this mutant to SCH 28080 was decreased 90-fold, whereas an L811V mutant showed only a 4-fold lower sensitivity to this inhibitor. These results suggest that the bulky side chain of the amino acid at this position seems to disrupt the interaction between the enzyme and SCH 28080.
We have also shown that Tyr 801 in the M5 segment is involved in the interaction with SCH 28080. 59) Y801A and Y801S mutants showed 60 to 100-fold lower sensitivity, respectively, to SCH 28080 and also showed lower sensitivity to SPI-447. In contrast, Y801F and Y801L mutants remained sensitive to SCH 28080, comparable to the wild-type enzyme. These results indicate that the bulky side chain of the amino acid at position 801 is also important for the interaction of H 60) The results of these experiments suggest that the sequence from Arg 898 to Thr 927 located in the fourth extracellular loop and close to the M8 transmembrane segment is the major region of association with the b-subunit. This result is consistent with the finding that a chimeric Na 62) The Tyr-based motif has some similarity to the internalization motif of the transferrin receptor that mediates its internalization via the AP-2 adaptor. Additionally, transgenic mice in which Tyr 20 was replaced by alanine developed gastric mucosal lesions induced by hyperacidsecretion whereby the gastric proton pump was constitutively expressed at the apical membrane, and continued to secrete acid, due to the lack of internalization (re-sequestration). 63) 7.1. Sites Involved in the Association with the a a-Subunit The sites involved in the association with the a-subunit were also studied by both binding assay and yeast twohybrid analysis 60) and the results suggest that two different sequences in the b-subunit; Gln 64 to Asn 130 , and Ala 156 to Arg 188 , in the extracellular domain are involved in the association with the a-subunit. 69) The cysteine residues located in the cytoplasmic and transmembrane segments were shown not to be involved in H ϩ ,K ϩ -ATPase activity, and each of the mutants could assemble with and stabilize the a-subunit. In addition, the expression levels of the mutant b-subunits were similar to that of the wild type. We then abolished each of the three disulfide bonds by substitution with serine and co-expressed the mutants with the wild-type a-subunit to study the role of each disulfide bond in overall H 
QUANTITY AND QUALITY CONTROL MECHA-NISMS IN THE ER
The a-and b-subunits of gastric H ϩ ,K ϩ -ATPase are cotranslationally inserted into the ER membrane, and assembled into a functional holoenzyme with a stoichiometry of 1 : 1. However, the genes encoding the a-and b-subunits are located on different chromosomes; the a-subunit gene being located on chromosome 19, and the gene for the b-subunit being located on chromosome 13.
73) An important question is therefore how cells regulate the numbers of these subunits to maintain a 1 : 1 ratio and, consequently, how they regulate the synthesis of these subunits. It is likely that there are strict control mechanisms in place to regulate subunit levels in the ER, but little is known concerning this regulation. We therefore undertook studies of both quantity and quality control mechanisms for gastric H ϩ ,K ϩ -ATPase in the stable cell lines expressing the a-and/or b-subunits.
As presented in previous sections, in the absence of the bsubunit, the expression levels of the a-subunit are very low, and the a-subunit is retained in the intracellular compartment. However, in the presence of the b-subunit, the expression of the a-subunit was significantly increased, and cell surface delivery of the a-subunit was observed. In contrast, the expression levels of the b-subunit were unchanged by either the presence or absence of the a-subunit, and cell surface delivery of the b-subunit was not dependent on the asubunit. These results suggest that the unassembled a-subunit is retained in the ER, and degraded by proteases whereas the a-subunit is stabilized by association with the b-subunit, and subsequently delivered to the cell surface (Fig. 7) .
Recent findings indicate that misfolded or immature membrane proteins are retained in the ER, translocated to the cytoplasm, and then degraded by the proteasome, which is a known mechanism involved in the degradation of shortlived soluble or secretary proteins. 74) Examples of this include the cystic fibrosis transmembrane conductance regulator (CFTR), both the wild-type and mutant DF508 (the mutant form of CFTR found in more than 50% of CF patients), 75) the amiloride-sensitive epithelial Na ϩ channel, 76) the water channel aquaporin-1, 77) and the Na ϩ ,K ϩ -ATPase a1-subunit. 78) We examined, therefore, whether the gastric H ϩ ,K ϩ -ATPase is also degraded by the proteasome. 79) Lactacystin is an inhibitor specific for the proteasome 80) and causes significant increases in the expression levels of the a-subunit in the a-expressing cells. In pulse-chase labeling experiments, the a-subunit in a-expressing cells was also stabilized in the presence of lactacystin whereas the expression levels of the b-subunit were unchanged in the presence of this inhibitor. These results strongly suggest that unassembled a-subunits are specifically degraded by the proteasome as shown in Fig. 7 . Prior to degradation by the proteasome, target proteins are covalently labeled with chains of ubiquitin, which has a molecular mass of 8.5 kDa, and the proteasome recognizes polyubiquitinated proteins as targets for degradation. We examined whether the a-subunit was modified by ubiquitination or not, and demonstrated that this was indeed the case in the a-expressing cells and that ubiquitination was significantly enhanced in the presence of lactacystin. Low levels of polyubiquitination were also observed in the aϩb-expressing cells in the presence of lactacystin, but the b-subunit was not polyubiquitinated in either b-expressing or aϩb-expressing cells even in the presence of lactacystin. These results indicate that the unassembled asubunit is specifically modified with polyubiquitin chains, and degraded by the proteasomes as shown in Fig. 7 , and that the ubiquitin/proteasome system is therefore involved in the degradation of unassembled a-subunits in the ER to control the cell surface expression of functional a/b holoenzymes.
ANALYSIS OF THE a-AND b-SUBUNITS IN KNOCK-OUT MICE
Knockout mice lacking the a-or b-subunit have recently been generated. Although the a-subunit knock-out mice ap-peared to be initially healthy, they eventually developed both achlorhydria (defect of gastric acid secretion) and hypergastrinemia.
81) The b-subunit was detected at lower levels in the parietal cells of the a-subunit-deficient mice but its mRNA levels were increased. It is also interesting that severe perturbation in the secretory membrane systems of the parietal cells, such as lack of typical microvilli and tubulovesicles, was observed in the a-subunit knock-out mice. b-Subunit knock-out mice also displayed achlorhydria and hypergastrinemia. 82) In addition, both the a-and b-subunits were undetectable in b-subunit-deficient mice, and in the parietal cells, typical tubulovesicles were not observed whereas an abnormal canaliculus was evident. This suggests therefore that, in vivo, the b-subunit is required for acid-secretory activity in parietal cells, normal development of gastric mucosa, and construction of normal secretory membrane structures. Based on these findings, it can be postulated that the gastric H 
